Debris flows are one of the most common geomorphic processes in steep mountainous areas. The control of their propagation on alluvial fans is fundamental; valley bottoms are usually characterised by high damage potential because they contain concentrations of inhabitants and infrastructure. It is well known that forests have a protective function in that they reduce the triggering of debris flows, as well as hinder their motion and promote deposition, but a quantitative assessment of these effects is still lacking. Using laboratory experiments that simulate debris-flow depositional processes, this research investigated the ability of forests to reduce debris-flow runout and depositional area. The experiments considered two different forest types, high forests and coppice forests, and four volumetric concentrations of sediment (0.50, 0.55, 0.60, and 0.65). The results confirmed that the sediment concentration of the flow is a key factor in determining the geometry of the deposits. On the other hand, forests can reduce debris-flow runout distance and, in general terms, affect the characteristics of their deposits. The results showed that vegetation appear to reduce debris-flow motion especially when the debris-flow kinematic load at the fan apex is low. About the sediment concentration of the mixture, high forest did not exhibit a clear behaviour while coppice forest appears to promote significant deposition at all of the tested concentrations, and this effect increases with the solid concentration (reductions in runout between approximately 20% and 30% at CV=0.50 and CV=0.65, respectively, were observed). Due to their higher tree density, in fact, coppice forests seem to have a better protective effect than the rigid trunks of high forest trees. For this last type of forest, a relationship between the H/L ratio, which represents energy dissipation, have been found and compared with the scenario without forest.
Introduction
Debris flows are one of the most common geomorphic processes in steep mountainous areas (Ancey, 2001) , and they are responsible for losses of human lives and economic damages on a worldwide basis every year.
Their destructive potential can decrease due to processes that promote deposition and thus reduce the travel distance: i) reductions in excess pore fluid pressure (Hutchinson, 1986) ; ii) increases in the viscoplastic yield strength ; iii) increases in grain collision stresses (Takahashi, 1991) ; and iv) increases in grain contact friction and the concentration of friction at flow margins (Major and Iverson, 1999) .
The length travelled by a debris flow on an alluvial fan from the initiation of the flow to the lowest point of the deposits (i.e., the runout distance), is the most critical issue in the delineation of areas at risk from debris flows (D'Agostino et al., 2010) , and several empirical methods have consequently been suggested to predict it (e.g., Rickenmann, 2005; D'Agostino et al., 2010; Scheidl et al., 2013) . Generally, runout is recognised to depend mainly on topography (i.e., the slope, width, and length of the upstream channel and the slope of the outflow plain) and debris-flow volume (e.g., Takahashi, 1991; Rickenmann, 1999; Berti and Simoni, 2007) . In addition, the promotion of debris-flow deposition and the geometry of the deposits, such as runout, thickness, and the widths of levees and lobes, are strongly affected by the presence of forests and their management (Michelini et al., 2016) .
Standing trees increase flow resistance, suppressing debrisflow motion and favouring the deposition of debris-flow material within a shorter distance (May, 2002; Ishikawa et al., 2003; Fidej et al., 2015) . Moreover, woody debris can form woody dams within depositional areas, promoting the stopping of solid material.
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o n l y morphologies of debris-flow deposits is still poorly understood, and only a few studies have considered forests and their structures within alluvial fans (e.g., May, 2002) .
Currently, the main methods to model debris-flows travel distance are of the empirical-statistical and analytical types (Rickenmann, 2005) . Empirical-statistical methods are based on regression analysis of data from past debris-flow events to define relationships between factors such as runout length and sediment volume. Due the difficulties involved in studying debris flows at the field scale, physical scale-model experiments are considered to be very helpful for understanding the runout of hillslope debris flows (Scheidl et al., 2013) , and several different scale laboratory experiments have been carried out to simulate debris flows (e.g., Major and Iverson, 1999; D'Agostino et al., 2010; Hürlimann et al., 2015; de Haas, 2015) . The majority of these studies have focused on the rheology and flow behaviour of debris flows and the formation of frontal accumulations of coarse debris. Few studies have instead focused on the relationship between debris-flow features and vegetation in alpine fans or in small-scale laboratory experiments, while none of the existing researches have attempted to integrate the presence of forests into simulations of debris flows.
In this study, laboratory experiments have been conducted to investigate the effects of forest type on runout distance and deposit topography.
The experiments simulated three different scenarios: i) fan without elements; ii) fan with a high forest; and iii) fan with a coppice forest. The goals of this investigation are to verify the importance of forests and to quantitatively assess the effects of forest type on debris flow deposition.
Materials and methods
A series of laboratory experiments involving water-sediment mixtures were carried out, focusing on the role of forests in the reduction of debris-flow movement. A total of 29 runs were performed using the small-scale flume of the Department of Agricultural and Environmental Sciences -Production, Land, Agricultural, and Energy at the University of Milan.
Experimental setup and procedure
The laboratory flume consists of metal sheets, and its bottom is roughened with crosshatched metal sheets to reproduce the channel roughness (the thickness of the elements is approximately equal to 2 mm). The model is made up of three parts, specifically: i) a 0.2-m-long, 0.15-m-wide, and 0.40-m-deep storage tank in the upper part; ii) a 2.00-m-long, 0.15-m-wide, and 0.40-m-deep tilting flume with a variable inclination that can be adjusted within the range of 15° to 45° from the horizontal; iii) a tilting depositional surface with a variable inclination that can be adjusted within the range of 0° to 10° from the horizontal and is located at the toe of the experimental channel. The depositional surface allows observation of the deposit characteristics, and some threaded holes that are distributed on a grid with a spacing of 10 cm allow the placing of vertical elements to simulate the presence of trees. The inclination of the flume and the depositional surface were set to 20° and 3°, respectively. A sketch of the experimental setup is displayed in Figure 1A . For each experiment, the granular material was weighed and mixed in a bucket with water to obtain 4000 cm 3 of mixture. The mixture was then loaded into the head box, where a homogeneous consistency was produced by mixing with a drillmounted paint mixer. The gate was then instantaneously opened manually. The experimental procedure was the same during each experiment.
Scaling conditions and flow regimes
Many difficulties in scaling exist in the physical modelling of debris flows (Ishikawa et al., 2008; Scheidl et al., 2013; Iverson, 2015) due to the complex behaviour of debris flows, which includes scale-dependent interactions between the solid and the fluid phase. Dynamic similarity between natural and small-scale debris flows is likely impossible to obtain (Iverson et al., 2010) , as small-scale debris flows are very strongly affected by the yield strength, viscous flow resistance, and grain inertia, whereas the effects of pore fluid pressure are very weak.
A common approach to compare experiments and field observations is based on hydrodynamic approaches, assuming geometric as well as simple kinematic similarity (Scheidl et al., 2013) . In small-scale debris flow simulation, scaling limits are mainly due to a larger effect of viscous shear resistance and cohesion and a smaller effect of excess pore-fluid pressure respect to a real debris flow (Iverson, 2015) . In addition, as reported by Scheidl (2013) , full dynamic similarity of all forces … is not feasible by using the same fluid with the same viscosity. Small-scale experiments, however, make it possible to carry out a large number of observations using a wide range of configurations, making them very useful for studying debris-flow phenomena, which are very difficult to observe at full-size scales (de Haas et al., 2015) . In addition, despite the scaling simplifications involved, laboratory simulations can provide a good approximation of reality in some cases, allowing the generalisation of the results to the actual scale. In this respect, D 'Agostino et al. (2010) and de Haas et al. (2015) conducted their studies with apparatus and procedures similar to those used here.
In this study, the geometric similarity of the length scale ratio value between the prototype (l*) and the laboratory (l) length was set to 50. To characterise the flow regime, a set of dimensionless u s e using a wide range of configurations, making them very useful for u s e using a wide range of configurations, making them very useful for studying debris-flow phenomena, which are very difficult to u s e studying debris-flow phenomena, which are very difficult to observe at full-size scales (de Haas u s e observe at full-size scales (de Haas despite the scaling simplifications involved, laboratory simulations u s e despite the scaling simplifications involved, laboratory simulations can provide a good approximation of reality in some cases, allowu s e can provide a good approximation of reality in some cases, allowo n l y smaller effect of excess pore-fluid pressure respect to a real debris o n l y smaller effect of excess pore-fluid pressure respect to a real debris flow (Iverson, 2015) . In addition, as reported by Scheidl (2013) , o n l y flow (Iverson, 2015) . In addition, as reported by Scheidl (2013) , full dynamic similarity of all forces … is not feasible by using the o n l y Table 1) . These parameters allow comparison between debris flows of different sizes and scales, enabling quantitative assessment of the similarity between the flow regimes of experimental and natural debris flows (de Haas et al., 2015) . Iverson (1997) , based on experiments using cohesionless dry flows containing unimodal spherical particles, defined the boundaries of the dimensionless parameters where one force dominates the other. Parsons et al. (2001) , based on experimental data on water-saturated small-scale debris flows, suggested reducing the boundary between frictional forces and viscous forces to friction number NF>100 for the flow body and NF>250 for the flow front. These results have been confirmed by de Haas et al. (2015) , who have found that the boundary proposed by Parsons et al. (2001) provides a more accurate description of the flow regime of their experimental debris flows. To characterise the flow regimes in our tests, the Bagnold number NB, the Savage number NS, and the friction number NF were calculated.
Debris-flow material
The bulk mixtures used in the tests were obtained by mixing water and dry solid material obtained from a deposit of a real debris flow that occurred along Gadria creek (Silandro, Bolzano) in summer 2014 and passed through a sieve with 31.5-mm openings. The sample were initially oven-dried for 48 h at 110°C and remixed. Measurements of the bulk density of the solid material (ρs) resulted in an average value of 2.632 kg m -3 . Figure 2 reports the relative frequency distribution and the main statistical parameters of a sieve analysis of the sediment, which was performed in the laboratories of the CNR-IRPI of Padua (National Research Council of Italy -Research Institute for Geo-Hydrological Protection). The interstitial viscosity (Table 1) was estimated by means of the Thomas formula (1965).
Simulation scenarios
All of the laboratory tests included a constant total volume of the mixture, whereas we changed the water contents from 35% to 50% (by weight) to obtain four sediment volumetric concentrations, CV: 0.50, 0.55, 0.60, and 0.65. Three different scenarios were simulated on the depositional plane in order to explore the effects of forest structure on the behaviour of debris flows: i) free depositional surface (i.e., without elements); ii) the presence of rigid elements distributed on a grid to simulate a high forest; iii) the presence of groups of flexible elements to simulate a coppice forest. A high forest was simulated with rigid steel screws that were 10 cm long and had a diameter of 0.6 cm ( Figure 1B ). To represent shoot flexibility, each stump in the coppice forest was simulated using 8 pieces of wicker 6-8 cm long and 0.2 cm in diameter ( Figure 1C ). These elements allowed the simulation of a forest o n l y stand having the characteristics described in Table 2 . The elements allowed the simulation of real forests with a density of 400 trees per hectare, a tree diameter of 0.30 m for the high forest scenario (with a basal area equal to 28 m 2 ha -1 ) and 0.16 m for the coppice forest scenario (with a basal area equal to 25 m 2 ha -1 ). At the end of each test, several geometric characteristics of the deposits were measured, specifically the maximum distance reached by the debris flow from the flume outlet, R; the total travel distance, L; the elevation difference between the starting point and the lowest point of deposition of the mass movement, H; the flooded area, A; the maximum deposit thickness, t; and the mass and volume of the deposited material, Pdep and Vdep, respectively.
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Each run was recorded with a video camera located at the end of the storage surface. The frames were extracted from the videos to back-calculate the mean velocities of the flow in the flume and at the flume outlet, Uout, following the procedure described by Bettella et al. (2015) .
Finally, a linear regression model was proposed to predict debris-flow mobility that is based on the solid volumetric concentration of the debris flow and the presence of forests on the fan.
Results
The small-scale laboratory experiments were performed in order to observe the effects of the presence of elements in the fan area on debris-flow mobility. Twenty-nine debris-flow runs were performed under three scenarios and with four solid volumetric concentrations each (CV equal to 0.50, 0.55, 0.60, and 0.65).
Dimensionless characterisation of flow regime
Our debris-flow runs exhibited Bagnold numbers NB>200 (a value <200 was noted in only one run); thus, collisional forces dominate the viscous forces, according to Iverson (1997) . Most of the runs (19 data) have Savage numbers NS>0.1; thus, collisional forces dominate the frictional forces. Most of the runs (25 data) show NF>2000 and NB>100; thus, frictional forces dominate the viscous forces. In our laboratory tests, therefore, collisional and frictional forces dominate the flow regime.
Flow behaviour and morphometric parameters of the deposits
Generally, the deposits exhibited an elongated ellipsoidal lobe with a well-defined front. No bifurcation of the front was observed during the tests. Segregation and accumulation of coarse particles were observed in the distal part of the deposit, as also observed by Hürlimann et al. (2015) in their laboratory experiments. An overview of the morphological features measured after each run are listed in Table 3 and plotted in Figure 3 , together with the mean deposit width W, the debris-flow velocities at the flume outlet (Uout), and the resistance coefficient H/L (Iverson, 1997) . W has been calculated as the ratio between the flooded area (A) and the maximum runout (R). Uout was back-calculated from inspection of the video frames (as described in Bettella et al., 2015) .
R ranged from 0.37 to 1.19 m, W ranged from 0.34 to 0.52 m, A ranged from 0.14 to 0.47 m 2 , Pdep ranged from 2.16 to 6.19 kg, t ranged from 0.006 to 0.033 m, Uout ranged from 1.09 to 2.72 m s -1 , and H/L ranged from 0.29 to 0.39. The maximum values of R and A were observed for the mixture with CV equal to 0.50 in the scenario with no elements. Those tests exhibit also the lower values of H/L. The maximum values of W and t were observed for the coppice forest scenario and the mixture with CV equal to 0.65. The minimum values of R and A, and the maximum values of H/L were observed in the coppice forest scenario using a mixture with a CV equal to 0.65. The highest CV also produced the minimum velocities, and the minimum value of W was observed in the scenario without elements for a mixture with CV equal to 0.60. Finally, mixtures with low CV show the minimum values of Pdep in a simulation with a coppice forest and t in a simulation with no elements. The scatterplots of the main variables are reported in Figure 4 .
Effect of vegetation
A comparison of the morphological characteristics of the deposits for the three scenarios is reported in Figure 4 . Scatterplots indicate also the effect of the volumetric solid concentration of the mixture. Although increases in the solid phase led to smaller values of R in all configurations, the scenarios with coppice forest elements showed a greater rate of decrease than the runs without elements. This was observed also for A and Uout. The opposite behavior was observed for the variables H/L, t and Pdep, whereas W does not show significant changes (Figure 3) . Differently from coppice forest, high forest scenario does not exhibit a clear behavior: only the variables A and Pdep show a significant correlation with CV, and the main parameters which describes the flow resistance induced by the presence of the elements (such as R and H/L) does not present significant linear relationships with CV.
Linear relationships were not found for all the analysed variables to be function of CV. Observing the scatterplots in Figure 4 , it is possible to note that the coppice forest scenario has greater rates of change than the high forest scenario for the morphological variables investigated. Compared with the runs without elements, R decreased on average by 9.8% for the high forest configuration and by 21.0% for the coppice forest configuration. Particularly in the coppice forest scenario, smaller values of R generally corresponded to greater values of W and t and smaller values of A compared to a free surface. On average, W increased, with respect to the runs without elements, by 12.2% for the high forest configuration and by 13.0% for the coppice forest configuration. The sediment thickness t increased on average by 35.7% under the high forest configuration and by 78.9% under the coppice forest configuration. The maximum change in the first case was observed for CV=0.50, whereas the maximum change was observed for CV=0.55 in the second case.
The reduction in A was more evident using coppice-like elements, with an average reduction of 10.3% with respect to the scenario without elements. The reduction was emphasised in the runs with the lowest water contents (a reduction of 33.1% was noted for CV=0.65). Similarly, high forest-like elements seem to cause a reduction in deposit size only in the case of solid-dominated debris flows (a reduction in A of 21.6% with respect to the scenario without elements was noted for CV=0.65).
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Discussion
The distance that a debris flow can travel depends significantly on the mechanical characteristics of the debris, as well as its total volume, the channel geometry and the bed inclination (Ancey, 2001) . The alluvial fan is the preferential area for debris-flow deposition, owing to the decrease in bed slope and widening of the channel. In addition, in many cases, when a debris flow reaches an area with gentle slopes, it overflows the channel banks, spreads out, reduces its momentum and then stops (Tsai, 2006) . The results of our laboratory experiments suggest that forest buffers within fan areas can reduce debris-flow mobility, providing additional resistance and hindering the flow motion. In general, shorter runouts and larger deposit widths were observed for the high forest and coppice forest scenarios. The elements in the fan area intercept part of the debris-flow material, reducing its energy and mobility according to Lancaster et al. (2003) and Matyja (2007) . Moreover, vegetation promotes the formation of a step-like surface on the slope, increasing surface roughness and further affecting the flow. This was observed in particular for the coppice forest runs, in which the distinctive structure of coppice forests, which is provided by the suckers, provides a more effective obstruction action compared to high forest trunks and offers a greater cross-sectional area of interaction with the flow (Figure 5 ). In fact, the coppices in the laboratory model were composed of eight elements (coppice shoots). They (the coppice stocks) occupied approximately 0.01 m transverse to the flow direction in the merging zone, a value that increased with the height above the terrain. In contrast, the highforest elements have a constant width of 0.006 m per element.
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In agreement with de Haas et al. (2015) , Hürlimann et al. (2015) , and Scheidl et al. (2013) , the results of this study highlight that small variations in water content are associated with large o n l y changes in maximum runout distances. This effect was found especially by Hürlimann et al. (2015) and D' Agostino et al. (2013) using grain-size distributions containing relatively small amounts of clay and silt, similar to the mixture material used during our tests. We observed that, on average, a 15% increase in the volumetric water fraction (corresponding to a change in liquid volumetric concentration Cw from 0.35 to 0.50) causes runout distances to more than double. Volumetric concentration also affects the effect of vegetation. Actually, high-forest management seems not able to reduce debris-flow motion at the highest solid concentrations, whereas some higher reduction is noted for the lowest concentrations. In contrast, the coppice forest seems to always provide a notable contribution, which increases with the solid concentration. At the lowest concentration (CV=0.50), the high forest and coppice forest yielded similar reductions in R with respect to the scenario without elements. On the other hand, at the highest concentration, the coppice forest offered a reduction in R values that was about two times greater than that of the high forest. Due to the dataset size, a statistical analysis to confirm these statements could not be performed. To this end, additional tests are required.
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Nevertheless, coppice forests seem to offer an improved protective function. Our interpretation is that coppice stocks manifest a more effective obstruction action compared to high forest trunks. Actually, at higher volumetric concentration values of the mixtures, the particles floating in the matrix are easily trapped by the upper part of the simulated coppice forest, and the stems work as an effective filtering rake in blocking the solid material. At lower concentrations, the magnitude of this effect is reduced because of the lower flow depths, and the debris-flow tail exerts a sort of washout effect on the sediments previously deposited behind the elements. Additionally, we noted that high-forest elements only stop larger particles, whereas coppice elements have a less grain size selective effect ( Figure 5) .
Uout can be assumed the main energetic driver conditioning the runout phase. Figure 6 shows how the energy of the flow at the outlet of the flume (described by the kinetic head U 2 out/2g) affects the runout distance. Data are grouped in no elements scenario and with elements scenario. The last one includes high forest and coppice forest data because no significant differences were found within this analysis. The vegetation effect in reducing the runout distance is clear: the scenario with vegetation guarantees lower runout values in proportion to the kinematic load. Considering the logarithmic interpolations of Figure 6 , the presence of elements in the fan area ensures an average R reduction of the 22.1%. The relative reduction is larger for the lower values of U 2 out/2g (equal to 27.0% for U 2 out/2g=0.08 m), decreasing with the increase of the energy at the outlet of the flume (equal to 19.2 % for U 2 out/2g=0.38 m).
This finding suggested the calibration of empirical predictive models for H/L (m m -1 ) that are a function of the forest type and the solid concentration of the mixture CV. The H/L ratio (the inverse of L/H) indicates a resistance coefficient, and it was one of the earliest dimensionless variables used to quantify the potential travel distance of gravitational phenomena (Heim, 1882) . The resulting linear regression models describing the relationship between H/L and CV are graphically reported in Figure 4 No model is presented for the high forest scenario because no significant linear relationship was found. Effectively, this scenario exhibits, for 0.50≤CV≤0.60, H/L ratio ranging from 0.30 to 0.33 m m -1 , similarly to the no element scenario. Only the tests with CV=0.65 exhibit higher H/L values. This behavior is probably caused by the effect of other variables such as Pdep and Uout, indicating CV is not fully exhaustive in predicting H/L by itself. The adjusted R-squared statistic indicates that the fitted models are able to explain 82.3% and 82.4% of the variance in H/L respectively for the no elements and coppice forest scenarios. These equations confirm that the presence of a coppice forest causes the runout process to be more sensitive to changes in CV, and the effect is greatest at the highest CV values. The presented equations are fully empirical and are based only on our small-scale laboratory tests. As a consequence, additional work is needed to investigate their validity at the actual scale, especially through field data collection.
Conclusions
The depositional process was investigated on 29 small-scale debris flows that were generated in the laboratory in order to study the effects of forests on the features of debris-flow deposits and particularly the ability of forests to reduce debris-flow motion. The morphological features of the deposits were analysed for smallscale debris flows that occurred on a depositional plane with three configurations, specifically: i) a free depositional surface (i.e., without elements); ii) the presence of elements distributed on a grid on the depositional surface to simulate a high forest; iii) the presence of groups of flexible elements on the depositional surface to simulate a coppice forest.
The upscaled physical parameters of the tests yielded results that are within the ranges of values typical of real debris flows, as well as the relevant dimensionless parameters (i.e., the Savage, Bagnold and Friction numbers). Analysis of the results obtained in the experiments showed that the presence of elements within the fan area causes changes in the deposit shape, generally reducing the runouts and increasing the deposit thickness, although the sediment concentration of the flow remains the key factor that determines the geometry of the deposits. In addition, sediment concentration affects the ability of forests to hinder debris-flow motion. More precisely, the high-forest management type seems to not be able to contribute significantly to reducing debris-flow motion for the highest solid concentrations (CV≥0.60), whereas low contributions were observed for the lowest concentrations (CV≤0.55). In contrast, coppice forests seem to provide a notable contribution to reducing the motion, which increases with the solid concentration. Thanks to their higher density, the coppice stocks seem to provide a better protective function than the high-forest rigid trunks. The sediment volumetric concentration of the debris flow and the type of forest existing on the fan were used to define an empirical predictive model to assess the H/L ratio.
Finally, by analysing the energy dissipation process, we found that the runout distance is reduced on average by 20% in presence of vegetation (high forest or coppice forest).
In conclusion, this study highlighted that forests might offer a natural complement to debris-flow control structures in depositional areas, preserving the natural landscape or reducing the impact of the artificial control structures. The effect of forests, however, depends on the type of forest management (high forest or coppice forest) and the volumetric concentration of the debris flow. In general, coppice forests seem to be more effective, regardless of the volumetric concentration, whereas the effects of high forests seem to be significant only at lower concentrations. To confirm these findings, more work is needed to further investigate the validity of the identified behaviours and relationships, especially through field data collection. o n l y
